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1.0 l l K m D r n 1 O N  Bw) 

!BE research and development prQgrs?n reported here311 has been a logical extension t o  
eqeriarental and theoretical efforts which had been underway a t  TKW for a duration 
of nearly foxr years. 
work, it is appropriate briefly t o  review and summarize the prior efforte. 

To understand fuUy the logic and necessity for the reported 

'pf(w's activity in the area of' e1ectron-b-d ion engines dstes back t o  the 
the vhen virtuaUg the entire activity in the ion engine f ie ld  was being dirsctad 

to cesium contad-ionization research. A t  the time, despite their praaiee of high 
pmpellaat eff'icieneiee, therse cesium engines were handicapped by operat la  a t  low 

p e r  efficiency. The bonWmW& wine concept proposed by !PRU conatituiml an 
approach t o  the groblem which promdeed incressed power efficiency without sacriiice 
af engine lifetime because of spattering damtgr t o  accelerstion electrodee. lphis  

approach -6 postulated a the baeis thst gas dlacbsrge (bo82bardarent) ion 8ource8 

car ld  be operated mer a vi&! rs -e  & ion current density at good power and pv- 
pellant e f f  icienclee . 
Ln its elementary farm, the "kl engine concept caare-ts of a basabarbrent engirw 
baaed on a slit aperttlrcs ge-*q. This geometry was chosen because it ellwed 
uaable thruet levels t o  be obtalned from a reaeonrble number of single aperture 
eources, while sia3blltaneoslsly allowing almost caqplete freedom in the conf'igurrtlrm 
09 the ion accelerating system so as t o  in~ure nin3mm sputtering damage by proper 
choice of propellant, and by optimizing the geometry i n  the acceleration reg ia .  

The s l i t  aperture geometry, f'urtheripore, favored a single exit agerture per ioniza- 
tion chamber rather than a- multiple aperkre arrsngenaent. 
increased design latitude, psf-ticuUrly in acceleration electrode shaping, without 
sacrificing ion collection efficiency. The result has been a source of high aver- 
age ion current density per unit of t o t a l  area subtended by the engine. 

This in turn led t o  

The ion sou~ce was designed around en axU3 field alectron trap which conflnes 
electrons axially by electrostatic forces and lateraUy by magnetic forces. 
Electrons fron a cathode are hjected into the trap and accelerated axial& as they 
appraach the anode region. Being constrained from reaching the anodes by a -tic 
field, tbsy prweed thrw the anode region end reflect from the menism between 
the phslesr and the ion barn, After refhctiag from *his sprface, the electrons 
re%urn tbrapgh the anode c-1, and met  return agsb after reflecting frcm the 
inner pole sba*h, etc. 
chamber extend the ebctroat path to Suiitcient len&h t o  give a h&h probebility 
far an ionizing collision w i t h  a gas atm. 

These mu&tigle reflaeticzns and.trever6ab of the ioni.drtian 

1 



The first task under the above contmct va. to InvmtIgate electron tragpiq kch- 
n i p e r  eo that an efficient ionization cbplnber could be designed, To f b c l l l t 8 l a  

ergerlmntstion, a one-inch long linear aperiaam source of Z l s r i b l e  design W.8 CQII 

etmcted and used Instead of the fairly cumbereaao annular o l i t  s m e  Uescribed 
above. 
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' 2.1 Ion Engine Design and Testing 

2.1.1 l3ltroauctian 

Bhrly in #e ~o'odpur It be- evidrnt that the saurce p e r f ' m e  inihenced the 

extraction system pefl-ce t o  8 large degree. For e m ,  when ueirrg efscfro- 

nagnets, it was determined that the accel electrode interception depends on tb 
value of the agrmetic field. This ;prry possibly be ea@ained by conjectwing thut 

the value cif the rmgnetic field sffects the properties of the menlacue such that the 
m p e n i s c a s  bucomes less concave a t  higher nmgnetlc fields. Hence, increased diraat 
fnterceptbn should occur for higher values of arriJnetic fields. Unimam intercsp- 
tian appears, therefore, t o  occur for laver. valuee of Bagnetic fiehie. Hummm 
%ow -20 Z%eU remilts in ~ P C  ubaamtmiretics casroiet- afe high valsaes-ai arc 
oufiept and Low values of a m  -nUaget, a condition which rceu3ts tr-IndYIcIBDt 

aource gperst-ion. 

eystapl g e r f m c e  was strcuagly depedent on the souroe perlCorrPolce and tb.t t b  
two systems cannot be develcgd bdepezdently. 
that the soume snd extraction system etudies w e r e  merged. 

3%rt&mzt the etaxu portion of this 
h llloh of t b  data due t o  the uncertainty aseociated w i t h  +he feed system e. 
%he A#d syotem, described In €WerenceL wan  or^^ desigged t o  delivez 1c- 
at a rate s-tew tm thg-mte OBed in the ear3y port&ol-oi thirr -. 
ats eff- of opemtw at me-fenth of the design flaw rate la t o  maltiP3y the 

it vao detemined early in the prognu tbat ths ertmwtlm 

Ilt was at this mint of ths 

there existed aonsidertrble uncertahty 
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Figure 1 
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Figure 2 
Engine Geametry Used for Initial  Extrsctim System Tests 
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Figure 5 
Extraction System Geomt ry  Used to  Invest iqate Beam Prof i l e a  . 
The Perve 
4.1 x rOorW Units for an Aspect Ratio of 15.9. 

e De-mined trJt the Indicated Beam Edge is , 
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*re 6 
Extraction System Geometry Used t o  Investigate Beam Profiles. 
The Perveance Determined by the Indicated Beam Edge is 
9.6 x 10-9 for an Aspect Ratio of 15.9. 
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82 per cent a d  current aervlities of w, 40, and 50 m/cm2. !Ems, vezy efficfent 
source -tion wee elrgerlenced during these runs; hawever, lcrw e f f i c i e q  
was experienced, ia., 47 t o  33 per cent. 'Fhfs l l n ~  engine efficiency was due t o  
the law percentage of saprce current which arrived St the tar@ even #ota&h the 
interception ra t io  ( la t lo  of accel current to scmrce current) vas low. A relatively 
large decel interceptitm was the problem. 

I 
I 
I 
I 

To provide better focus- the pospetry wrs mdiiied t o  yield Design Bo. l0 as 
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Figure 10 
Extraction System Geometry, Design No.  ll 
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conclnde& that the reduction of this current could be accaqliehed thzwugh the 

reduction of the length of the accel electamtie. 
%-t wm3.d be t o  reduce fhe width and divergeace ob the beam rrpcw entering the 
acceldecel gap. 
result in stronger focus-, presenting the p o s ~ i b 1 1 . i ~  of coaelpensatirrg for the 
beam blar-up. The second effect w o u l d  be a reduction of the quantity, L, in 
EQuatian (4). Bbence the charge-exdmnge current wcrplld be reduced. 

The contour ob tihe &cel erosian indicated a beam nrarinlfarmity vhioh y a ~  coqa~rlld 
of two parts, one whlch was 8- varying rsstaltirrg In maxlmm current density 
in the geaattric center of the beam and the other which waa locsliGed pxxihaow ths 
oravicca which are evibent i,n F- 12. 
portion wu due t o  end effeots or t o  distribution of the lncolppigg mercury vapor. 
In order t o  lnvestigat0 these factom a two inch electramgnetic errsins wall con- 

This w o u l d  have tvo effect@, !Fht 

The decel electrodes could thea be more closely spaced and c d  

It yu c0inclnd.d tb.t the proothly 

8 t X U C f e d  * 

Incorpmted in thio two-inch engine was the abil i ty t o  tfis p s l t l a n  ob the 

cathode relative t o  the cathode e l i t ,  tha abi l i ty  to vary the distance batw.en tba 
accel electrode and tbm suarce, and a meaxm of dlrectiag the input rrefimrg vapr 
into the source cathode chamber, isto the scmrce anode chsPk?r, or d 2 - W  it 
into fmy pmporbion batwesn the two chmbers. 
of previatrs data, th8t best engine p e r f m c e  mrs obtained when all of the ~hrcWy 
vapor wa8 directed into the anode clamber. 

we11 ear* deteraained, in  mappet 

Typical perfonssnce data oi the two-inch electrcmugnetic engine is indicated in 

mble 6, and the s w c e  ionization inefficiency versa propellant utillz&ion for 
this engine is given in Figare 13. Figure 14 ehuus the ertraction geometry used. 

In order t o  investigate the nature of the current t o  the accel electrode a nm8uz-e- 

ment of the accel current as a frracrtlon of propellecnt utlllzation wae uie ,  ma- 
taining the auuel and decel potentids at 15 kv and 8 kv respectively; the input 
me- f l o w  rate m e  constant at 66.5 PB. Figrzre 15 provides a plot of the data 
points in the form of percent accel electrode interception v e m s  (1 - T,), where 
the propeUm% utilization was varied by adjusting the arc c d i t i o g s  a t  coastanti 

mercury flow rate. I”t is evident frcm the plot that the data points can be fitted 
t o  a good approximation by a a t r a m t  l ine if khe pohts in  the viciniiiy Oi &-k, 

9 per eent u%ilizatioa -are excl~bed. Rea- Equat im (4) 2% $8 98611 that S 

the width of the p o t e n t u  weY-ia SrAegmdent of or a very w e a k  f’unetioa of the 
CnuTent aeassty t b n  tbe pereent hkerceptiun IS a ftanetsoa.o€ (2 = 7 J  
snd tho urperbental points should fit a straight line. fEhe oberve8 &wia%iebt 

37 
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A t  this pcdnt in tbs the understadbig oi the interceytion currents uas 
that the cument to the accel electrode WLLB due to charge ercbrrage alme, while 
tLae current t o  dstel electrode was br#a to direct interception resllltiq irOr 

rrr-1 bear spread. 2!hus, it was caaclubd that red-* the beam spread cw 
shortening the length 09 the decel electrode should r e d t  in demeased decel cur- 

rent w h U e  the sccel current could be reduced by reducing the cbzrge-exchange =tea 

Coxwidering first the decel electrode interception, it was observed that without 
neutralization the beam spirerrd at 8 coarstant cuxmnt density depended om the deed 
vd-e ia the followiPg w s ~ r .  do the decel voltrge a-s the a c c d  voltage 
tba beam spread redtl.ces, ti nu^, .%he higher the specriiio- ZupzZse the less the 
3mpwemmrt 011 the doeel sls~trode.  
occurred et the downstream exd of the decel ekctrode than appemwl to be tbn 

sin- thh i q p m z r k  due to beam 
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A t  this point, it was decided to redeeigg the extraction system to  reduce the 

neutralizer cprrppt to  the source in addition to  incroponatlng other m n t i s .  
A m c q  these was a change frar tsntalnrr sheet rrertal to  sol&% staialrem steel elec- 
trodes inan 
tbenrrl varplge. 

to rrlqlidlze the SJnrka and e-te the possibility of 
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gemnetry Vas chnngd according to the then uistiag thew on the source perfozmncs, 
!BlI6 theory indlcafed tbt fm a?l oxide C a L W  tl# cathode slit w i d t h  shotlu be 
larger tfrrrn reqtaimed for operation with a tunguten-wire cathode; this theory vas 
shown later to be ermneOi1s. 
rmfyered delay becrwse of excessive arc* which aventually led to  the bum up 
of cdtactiDg whlakers which shorted a& the extnrcflen electrode8 or the 8amce 

anode. 
the accel electrodes to tbaip epyportAng Structure, 

!l!he testing ab the shin lees steel ert~ction s p t m  

'phitr ercessive! arc- # ~ b  traced to %ha utillratioa of a brste in joiolng 
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Figure  17 

IoiAizatiori Inefficiency and Arc Voltage vs. Propellant Utilization 
for B Mercury Feed Rate of 70.5 ma. 
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Figure 22 

Accel Electrode Interception w. Propellant Ut i l izat ion for a Mercury 
Feed Rate of 80.5 ma Equivalent 
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Figure 24 
Itmization Inefficiency and Arc V o l t a g e  VB. Propellsnt Utilization 

for a Source Haying a 2 Anock-Chtmber  Width 

55 



1 

8 

I - 
1 ~ 

8 

2 llpp anode width 
C 3 nun anode - power efficiency 

u 3 m anode - rocket efficiency 

O l 0 2 0 3 0  40 50 60 70 80 90 100 
Propellant Vtilization, 4 

Figure 25 
Parer Efftcfency and Rocket Efficiency vs. Propellant Utilization 
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Cross Section o f t h e  P e m e n t  Magnet Source which Utilizes 

Electrostatic F O C U B ~ ~ ~  to Direct Electrons to the Center of the Arc Chamber .  
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Ionization Inefficiency and A r c  Voltage VB. Roperlent Utilization for a 
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Figure 30 
Cross Section of Electrode Configuration for Computer  Evaluation 
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Cmpu%er Solution for Case I 
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t o  occur efficiently, the electron -si- nust have ce rb in  CharrrCkFietics. In 
a sXt aperture ge-tw, for exmple, the erission should be s p % * i s ~  xiniian 
uwr %he cathode amsa so that the comespanding ionization is uniform slasg the 
satire slit length of the source; t h i s  in turn Insures m o r m  extnrcted ion cur- 
rent densities and mlnimiaes locally excessive electrode current drains d rrldnn 

extrsction Syetea -. 

2 1. Eraitkd txrrent densities of several amperee/car at  reasoseble 

2. endttad curre* aver the cathode area. 

tuqperatpns (near 17007). 

! C h  basic cathode Cariesian process consists of freeing electrons frolp the guIface 
of the cathode. 
ia the "work function". This work ftanction can t o  a large extent be controllea 
during the cathode rsbrication process; that is, a properly Fabricated cathode 

can be W e  t o  e m i t  electrane w i t h  a energy e x g e n d i t  bJr brhg a lav 
vork flutction. This behavior is described RicbeJrdson's eqPation, viZ., 

To do this requires the exjpnditum of work, the reastu*! of which 

w h e r e  Js is the satun~%ed (terapcrature limited) current density, 
caostmk, +is the work function, T is the absolute tempersture a d  k is the 
Boltzamn canstant. propp the above equation, it is clear Ebst far a fired tslq)sr- 

is RICbll3dBm's 

ekule w h i c h  w e e  a fixed energy Input t o  the cathode, the emitted current doneity 
8y be Increased for a decreased value? of work Aznction. The goal of' the catho&s 
pro~parn described herein, therefore, was t o  develop cathodes w i t h   sufficient^ 
work fbnc&ios ard euiiiciently higa value of Riehardaon's con8tant so QII to $idd 
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of the properties of the resultant cathode. Because ab this, rsriatians in the 
sintering schedule were studied, incbding tine and teqperature effects md the 
environmental effects af vacuum versus a lqrdrogen atamsphere. 
cpsoed in more detail  belaw. 

These w i l l  be din- 

!Che secasld process o c e l n g  during sintering I s  the carbonate decoPqposltlon de- 
scribed in  Equation (6). ~ o t  until these rearctiom proceed camphtely t o  the 
right is it possible for the cathode t o  have good emission cbanrcteristlcs, slnee 

the presence of the carbonate is poieonaas t o  the erittipe surlbce. 2%- paimm- 

iag effect bas been uberved in this labmutory ~ 1 8  vel l  M in others. 



I 

% O - - B S + 2  1 o2 

1 1 2BBo+ w - - B a w o + B a  3 3 3 6  

Bl?m3+3w---mu0 1-1 + c o  
3 3 6  (9) 

which is hQhIy favorable at teqpemtures above IIXK)*C where the sintering IU 

carried &. 
reaction Fate, bowever, is so slow that a tlme of 1Mx) ains. 
cowpbte the reaction (Werence 8). . 

&low t h i s  teqexature *he decoqposition reactim is favareb; the 
ba requirad fo 
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Relatively long ferm testing ya8 undertahn in both a high vamm a d  a merctu7 
atsumphere. SpecfficaUq in a mercury atmsphere a t e s t  duration of l25 hauro u u  
acca@itshed for a 20 per cent triple earbaaa-, 80 per cent porma nichrrl 0r;tbOds. 

Purlng the t e s t  period the emission WM laintalned at appraxirrtely tu0 -8 

per eqtuve centipaeter for temperaturea in the vicinity oi lsoo7 a d  anode potan- 

tiab frwp 10 t o  15 volts. Bo degradation of perfommace observed aiUrln6 the 
test- period. 
t o  ini t ia te  testing af other cathode lsterials. 

Tests were conducted on two ccrthodes in the high vacuum (3 x lod torr) diode ta8t 

facluty.  !&e p e r P o m e  cspabillty of the cathodes -8 h V a L t i g a t e d  tV WhgiXhS 
the cathodes t o  the desired aperathg taqemture snd applying a tiPe 

'phe termbation of the ted wae not due t o  a failure but mther 
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potential difference 8-8 the diode in order t o  displas the currest-voltsge cbr- 
acterlst ics on a catfaode rasr oscilloscope. Tfse typical &e to cathode -tiam 
w e r e  0.030 inches and appUed potential difierences up t o  1200 voPts w e r e  used. The 
prelhlnary results of the two cathode t es t s  are Shawn i n  F-6 38 and 39. The 
former shows the chmscteristics of a cathode whlch contains 081# per cent zircualuq 

hydrlde activator with 20 per cent triple carbonate etmltter BLIX and the rcrrlmier 
po~dered nickel. % d s i m  area e this c a t w e  me 0.80 em2. 

shown in  Flgure 39 wa6 Identical in mmfacturin# techniqrrs hut tha hydride rctirrc 
tar ~l”as 

C-ison ob the data indicated that the hydride-activated cathode bad amp.mi- 
aately 50 per cent greater emission capsbllity fhan the -ctivatad unit. AIfthbE 

more, the performwe o b t a W  over a period ob t- gensrally indicated tbrrt the 
wide activated cathode appeared to iqpruve sUghtly in p e r f m e  uver a period 
of severdl -8. The cathode w i t h o p t  the activator appeared t o  decregee In perfar- 
W c e  after two 

cathode 

maii re- lr~r  nickel. amm ai thia crthode v u  0 . ~ 4  em2. 

of apewtios. The performmce level of the 2ircaplium 4dride 

cathodes, was entisely sufilcient for us@ in the engine testipe. 
rent densities exceedlug l amp per square centipeter could be obhlned =liaW 
at teps)enrtures of appmximteu ze0o”P.  he metime of these cathodes i n c q  

their  swaged heaters appeared to be v e l l  in excess af 200 haurs, the arbs- -ti 
ai the i n i t i a l  test durations. 

zero field cur- 

Subsequently, tests of over 500 harug dunrticp tlvc~ 
conducted in a 1percuz-y vapor t es t  a c i l l t y .  me test conditions w e r e  2 w/cm 2 at 
lsOoS, 
in excess of 1.5 aqp per cm a t  a temperature of ls0o”P. 

temperatures on the order of I&O’T. 
carbons in the hj@ wcuplll system even at pressures in the 1Oo6 rasge was gPiiAcA- 
ent t o  poison the cathode. 
it is suspected that the presence of the mreury vapor intiibited the irdlnx af 
the h#rocarbO3ls; hence Uttle, if w, poison- v ~ 8  eqerienced. ltche crrtbadss 

used in the ion engirmes also have been eqposed to alr for as t~ three t-8 

(the cathode was cold vhen exposed t o  air) without observing any deterioration ab 
its p e r f o m c e  characteristics . 

In addition, ion source tests were conducted with cathode emission e 
2 In the high vacuum t e s t  

ie suspected that the presence of hydro- 

~n the eng-8 and in the ~ F C ~ F S  vapor test i a c i l i t r  

fscil2.y (2 x ID4 torr)  an emlssian curreat density of 1.5 amp/cm 2 required 

2.3.4 Conclusippns and Recamendations 

A substantial impxcw-nt in cathode perfozmmce was obtained iaitlallg 
thraugh the use oi triple carborvteo ia the cathode fabricatla prwese. 
quent efforts showed BOPW discrepancies in cathode behavior; consequently a cethodu 

developrant prugram was initiated in order t o  Increase the ca-e perf‘ormnce 

SuW- 
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Schottky Plo t  for a Cathode of Canposition 2 6  Triple Carbonate 
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held at the constant temperature indicated. 
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deptdablllty. 'Fh prograr mss dlrectdl tornvds two s]lecliic aepects of the ~afbodrr 
f'abrication procedure; one was BU ewikation of the 
crther was the use of reducirrg agents which serve as sct imtt~~.  D d e r  lx msuure 
the resulting cathode properties vithart bring the emission cbaracteristia8 Influ- 
enced 
discharge, a vacpll~~ diode test system w118 coolstntcted, 
tested in a low pmzseare 

technique and the 

external conditions such a6 positive ion -nt as present in an arc 

In addition, cathode6 yare 
arc. 

1. Operstion 8t som?whet higher than the miniran endssioxm tesgemturetr 
t o  ineure Miiorrarcs. 

2. Des- of the cathodes to be stabillzed by heater input rstbsr Mmn 
by arc heating. 
Keep the lead length short even at  the erpenae of sllghtly higher 
p e r  requirements. 

3. 

The cathode work reported sixme was tuaderteken to provide cathodes suitable far 
use in eqeriren&l studies of an electron-- iozr 
ux&odes optiaized with respect to eaisslve characteristics, uie, a d  reliabUlty 
did not constitute a specific goal of this ppro~nu, a number of cathodes w i t h  

excellent performance resulted, Subsequent eiiorts t o  or repro&ce 
these cathodes shuwed a nrnrber of bconsistenciea resulting in a SOmzWhat less 
than ideal c a W e  re l labl l l ty  level. 
6 t U  appears to be the-most suitable Qpe, affording both perform%nce esd life 
pkential ,  If is felt that additional, develapleaf eFforts are WaFfag&P?jl. = €!tar- 

fher wtns stmw fram the requireme* for -aatbOdes-& uniformly good -@* 
%o insare reUabb and meau&@U experlmental c-om and evaluatiarre 
q j n e  perfommce. 

Al- 

Hoaetlaehss the nickel =triX CathoUe 
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2.4.1 Intrbluctlon 

2.4.2 Test Procedxlres 



went UniatentiozsUy up to the lao5 range during replacerent of the l iquid nifraean 
s u e .  l!fo deleteriaae effects appear to have reeultdl f r o a  these short pmlotb uif 
huh m-0 
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Figure 40 
Engine Geometry Used During 70 Hour L i f e  Test 
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Engine Geamctry Used During 100 H a m  Life Test 
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Predicted Extraction Electrode Li'fetime ys Propellant Util izat ion 
for Three V a l u e s  of Beam Current Using a Tantalum Accel Electrode 
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Figure 43 

Power Efficiency vs. Specific Impulse 
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ALeo an arc voltsge 09 30 volts a t  a cathode teoaperatm of a-tely l&OT 3s 
re- t o  get 90 per cent propellant utilization. 
extended beyond that of a &art term tes t ,  it is f d ,  m e r  four t o  five hwrs oi 
operation, that, setting a bintit of W volts on the arc vol*be and 2OOOT on the 
cathode teqpeature result;s in e m4ucffm of pmpelk& utilization from 90 per 
cent t o  70 per cent. After this in i t ia l  cathode degxadatfon, requirixg four t o  
fire hcxrs of operation, it is possible t o  rejuvenate %he cathode by turning Oir 

the arc far periods of five to ten ninates. 
hi@ utllizatian at  &mer are wltage is poes1bl.e; however, the dapadatioa pmiad 
is ndu abut tcn minutes hateed of faux to five hours. Thie rejuvexmtiam pmcess 
can be repeated gplzly time8 prrOauciq the tsam results. The condition reeulting in 
70 per cent utilization st 30 volts of arc potentfa1 difference and a csthode 
tengpSlatore slightly under 2oooT is relatively stabh; t h i s  is the coaditian which 
exlsted during the l e e  teeting portion of the ppogffapn. 
that the limitations inqpsed p,pos the are voltage and cathode txmperature mted 
&he jlplegelbn% u%ilizsi,iw tizar- V i  l ife testing. 

f e a ~  iqp~sed t o  avoid the possibility oi fi-t bunr aut; the arc nitage imta- 
tion was iasposed to l i m i t  trtte cathode sputter- rate and t o  l i m i t  the double 
ianlzation probability. 
conditions cummumrate with gglt.lua life%* could not be attained s3maltsaeQlrely 

with conditions of -imam power effiefeney. 
displayed colditions of 
extended testing produced degradation of the cathode performrice result;ing in the 
l i m i t i n g  of the propellant ut i l iza t ion  t o  a value eolmnemmte w i t h  short extraction 
system Wetime. 

UT the operetion perm %a 

Upon arc refgnition it is faund that 

It is clear, therefore, 

;I= teqpera.i;ure i imia%icm 

!l!hus, 8 damnstrated pe r fo rnee  of extended testing st 

Therefore, tes ts  of short dust ion 
extraction system hffet- and high efficiency; 

It is clear t h a t  at the heart of the inability t o  demonstrate simultaneity is the 
cathode and the related problem of cathode sputtering vhfeh occurs for arc voltsges 
as low as 25 volts. 
date and because of the uisting cathode gerfornrrnce characteristics. 
is, therefore, a compound one i n  that the solution lies not only in the iarpnrve- 

lnent of the cathode characteristics krt also in the modification of the source 
getmetry t o  yield more efficient ionization a t  lower arc voltage@. 

This is due to the nature of the source g e m t r y  developed to 
The problem 

During %hit3 program period %he groundwork fop carrying out e source improveant 
prograra has been h i d .  

the anode pegion width has been studied and a ratio less than l:3 has be- deter- 

abed t o  be necessary. 

The effect of varying the oathode slit width relative to 

Scaling of the engine mintaining the l:3 ratio bas been 
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cases, but these do not apply dfrectly t o  an optimized acoeleratian p f e p a  far an 
ian eng%ne. 
8rmk &ireckim buk by rualrerical nrethods; 
patentid.. 

avsilcrble. 

Ccmaideratlapz 'ya8 given to approaching the pr'sctical prohliesh ea t im 
to BSS\PY! a beam and scrlve for the, 

Stable nlrmerical methob t o  do this, houwer, did not appear to be 

1 
I 
I 
i 
I 
I 
I 
1 

c e d e r  program by the Ian Optics 3. 
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again: is utilized far the casd-t&tape snd tape-to-pint Operatiane. 

The prag~arm cansiets at present of' the follarlog pWes: 

1, solrrtiopaghaee. 
2. Closeplpue. 

3. Listpbsetc. 



asral3es-t mesh le8gtb.- Thss l p ~ p  be done for fu&y reasollable nahber Oi selected 
equipotesrtia lines (not lranre than farty in  w pressed version). 
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phase over itself i n  care nemary and begins t o  execute the s e m ,  effect- a 
smooth tr t jnsit icm into the solution phase. 

The five s e m s  axe: 
1. I l l p U t s w .  

2. Density e-t. 

3. C a a t r o l e e e  
4. Putential  s e m .  

5. start seg2Pent.' 



The I)ensfty sepxmt, ss its - suggests, calmibtee charge density values, a& 
its &ailations are based OSI the current v a h e  of electrostatic potential. kp 

lpsip steps are Involved: 

based OBI the,-& in the canqruter of the electrostatic field; the 
cslculetiolhs d trajectories of ions in  the beam (~3.a 

trajectories repremt an ion beam c w a t i o n  *om which a charge density 
distribution l e  tabtaimd. 
calmilated trajectories asl the Histary tage. 
may ~erve rperely as a 2ink between the Input segmezxt an8 the Ca&ml s e w ,  urd 
q perfcmn~o contputatiosrs at aU. 
segment reads the control segment ?rau thetlSegmmrt tape. 

As an QptiQn, the h i t y  segprerrt may recard the 
o c c a S i w a  the 

b 

A t  the ca@.etiar of its fupct iaar  the Iknslty 

/ 

C o n t r d  s m  is entered &an (ked *au tape w )  either the Density segmmt 

It Flrst  writes a restart data set an the r&stSrt tape; or the Patkntial  se@aent. 

then it corrtr0l.s the psth which the prograol w i l l  follaw. 
Ind&U in the tawrent s& of input parmmtere are nat yet  soti4tied, then thm 

if %he Density segplent has been executed then the Potential s&zmt will be 
estered next, W if the Potential segmmt has jwt been executed tben the Inpat 
s e m n t  will be entered next in m i m r  t o  mtie;hize the vsriahln~s  ad arrays t3rat 
are used by the Density segment. 
fikd then the alternate executian of the Potentia3 Srrrp Iknsity 6-6 u i l l  B& 
interrupted; in this case, if there is more inpat dats t o  be read tben the Irtppt 

segment w i l l  be entered, but Ff t h e k  is not then the Sol~&l.on prpPra 

ended and the caquter will Wit before going into the Close phase. 
Restart phase is used, %he first seepaent t o  be executed in the Solution phase is 
always the C o n t r o l  segaerrt. 

If thk ex i t  criteria 

al+.er!X%+e s d t ! ! x c a t i O s r  a!! pote*i?2l =Z?d &32sity ael.;tes wr31 be cc=&imtd; Le. ,  

On the ca&rary, if the exit criteria are 6afirr- 

be 
Whenever the 
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The staz% se-t 4 a ~  arigspa;Llg used as an agency fur entering the Salrtt;iapr 

phase. 'Ehe five segment6 arighmlly written and tFBnslated separatel~ and 
PAT ccglpUea tagether, 
a run the PA!F packets were c a l l e d  into uee in sequence. Each of the first four 
segments wrote its- anto tape, thereby generatiag a Sew& tap. 

been d e s c r i w  above icar seqrrential ptmeq. 

But the Start 
se@nen% did nothing except read the Input segment frcm the S e w  tape. 

way the progmn waa stark&. After a res- tap had been generated, hafircr, 
the solation phase was regUhrly eqtered by first executing the Restart ph6e. 
lapg as an acceptsble re& tape is available there is no OcDaSion t o  w e  the 

In thi8 

As 

start se@mrt ag6dn. 

A Representative Ekaaple. , T h  relatimship between thk various p-es ard 
~ a d  the way in which these are applied t o  achieve a saluticm 4 be ns~de dear 

by, an m e .  
the restart tap is available frcmt a g r e v i ~ h  solutian of sane ether geumtry. 

---- 

flsrpoee that it is desired to study a nm geaauetrg, an@ that 
;Ih 

esta.blishing the !mesh i n  relation t o  the electrodes, delineating the inter-elec- 
tr+ bataa&a;ries, and assigningrelative starage locaticnrs t o  the d u e s  of 
electrostatic po ten t ia  a a ~  cb~rge density. 
values of the above field m a t i e r r )  asui the two cons& data srrays 'e@.opLby 
the Salukicm phaee are developed. The conduct of the ccalputer run is plamed f& 

$he input data sets are deieloped; the two const& arrays and the trial  solukicm 

ere h$Ludeti 18 the first inpst data set. 

verified, and put card-to-tslpe: A tape-to-prhter listing 4t this t i m e  is. 
usaA;IL ah a check. 
phases f'rm the PAT packet tape. 

To start ,the cauparter run the PAT packet tape and the old restart tape are w e d  

on the IEM 7070 and the &BC% of c a l l  cards is inserted in the c4pusol.e card reader: 
TW astart w e  i a  firat to be calle~. It seboto tb last restart data e&- 
the one containing the finsl sdlutian far the old pametry - *om the restart kps, 

Gopies the s e w s  ai the Salu%icm phase anta the degment tape and the t w m - d d -  
data arrays onto a - m e r e n t  tape, th Amay tape, and enters tk Ccxrtrd. s e m  

Oi the Wution phase. Here, the cxxuphr i e  in very nearly the 88pls conditiar 

as *en the control s e b n t  was entereti,faF the a t  t i m e  aen ' the  prav~ous run 
was performed. 
stitllaes the new tape of' -ut data sets far the old res- tape; thus ths input 

data that the c a q u t e r  w i l l  read will be the first nev input, dab set. 
restart tape is-begun by the Control segpen%, and the first restart data set 

written is a duplicate of the s+cted restart data set cmtainJng the dld final 
solutian. 

 beg the trial sdut$qs (s tar t& 

The input data sets are key-p\lacaed, 

A deck of cards is also prcpased that w i l l  c a l l  the sequential 

It is ready t o  mad input data. How the machine operatar surb-. 

A nev 
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ate Ipprrt segtuent reads an inp* data set. 
the Wuticm phase'= there are Fnrput data sets to be read, 
the two new constant data arrays and the trial dolutian for the new gecm&ry. 

-ut segment erases the ald daaa arrays from the Array tape a d  writes the two 
new arrays in their place. 
of =ah points with tb' relati- atorage locations of the poten-%ial and density 

l b i s  w i l l  happen ee ~ e q ~ r  t h e e  &iriatg 

!Dm first set aaa%aixm 

!Em 

(The first of these arrays correlates the ~OQpdlBBtes 

A restart data set is invariably written each time the Control segrmnt is entered. 

t h W  input data sut al3.m the iterative coJnlurtatioa t o  begin, but setu rq> 
laodcrate criteria far exit Rram the Potential s e w  cand. Frau the alterrJak-sdIfi- 
cation cxf' potentid. knd density values. 

tbis *: 
In each iteration the se-nts are used in 

1. -2ty se-t (for caqputation, not a link). 
2. Corrtrolsem. 

3. 
4. contw seg-raent. 

Patentisl segment (far aa arbitrary nrmrber of sweeps). 
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l%e laat data set selects the trqf&ctory recording Option in the Density seeped. 

'Ihc Dsnsi.try eegmmt perfbma its uepal capgutstiom and addi- recomb aa tbs 
Histmy tape the trajectories that Z t  ca3cu3&esl The Coptrol s w  then 
the Salution pbase since there is no more tape irrput. The caplpnrkf bdts. 

The IlE# 7010 computer'run be- over, the fiistory tape and the Result tape are 

printed by the &I 1403.. 
is plotted, as far exaqple i n  Figures 3l and 32, or is jnterpreted directly. 

Significant infoma%iau frapp the printed list- either 
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Ihe critical ca3paszent in such a system vmld be the pcawre element. 8- paact- 

W illgbt feed systam d d  Ixm&-term, unattended apemtion, the PopCtlCddtY 

of a syster ab the type described depends u p  the developlPent of a parcxl% dlf- 

$User w h l c h  is not w e t  after lone periods of exposure to percury. Thie wettbg 
detemlnation ygs the basic pupose of the tests described below. A 8 - q  

obJective ~1p8  a rough Cslibrstion of a porous diffuser in tenas of i t 6  =par 
d0.llver lute. 
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gJrefer in order to assure that a uniform taqterature YLLB a&rtained QD all fert 

ccqponents. A second mercury feed line (the drip t u b )  was also includsd in the 
set up in omkr t o  a- a droplet of mercury t o  collect on the wvlhce af the 
porous element. 
ite t o  be observed a t  

This permitted the wetting an@ between the m~rcury apd the gnrph- 
time during the tee te .  

A water coolea condenser uas placed in series with the cpaphite Vaporiaer. A I m  
comedad to  the condeneer uaa a gradusted burrette tube camble ob i n d l c a t ~  
-8 in collected v o w  of 0.01 cubic acstiraters. 

Results, 
data taken Over an a-te 100 hcur period. 

The collection rstes and tenperatures, shown in !Fabb 8, are ~ s e n h t l ~  

Ihring the test intez%~l there w no change 3n the wetting angle between the mr- 
CUFJT and the grsphite. vhen this test MB extended fraa UX) t o  500 haws the l l~lb 

wett ing resu3.b w e r e  i d .  The averoga flav rate mer the 100 hour test per%& 
was 0.008 cc/hr correspondirrg t o  approxmtely 14 II, ob equivalent s l . n g l $ - l o a i ~  

mercury flaw. &cause ob the mgnitude Qb the flow rste the abeohte rsloes c d  
only be dete- by an averaga technique over lneveral hour test periods. Ihs 
s ~ o p s  flow rstes (over a f e w  minutes tire interval) carrld not be d8bmlXkOd. 

A t  the end of the 500 hour t e s t  period neither deterlorstion of the graphite, nur 
ab the bonding agents used to cement prkione of the mpidb lxigether, nor cbarya 
ob the wettability cbsracterietice of the Paterial was obeerved. 
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To caQllgletely evaluate the procese there are a d d i t i d  - w h i c h  require ituettrrr 
investigation. These am: 
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I a It is presently generally sccepted tbet charge exc3xuqe ion production ie unmvold- 

able because of the inability of ion saurce8 to ionize a l l  of the propelfnnt pro- 
vided to the ~acu~ce. The inrctign of the propellant vhich $s iosicd, called the 
pmpulhnt utilization and desl&~dxd by the symb01,7)~, detemlnes tihe ch8qp 

exchmge current, XAc, which is collected by the accel electrodes, & ewpre~aSon 
for fac eaiiioiently c ~ c m m i t e  for the present px3ot~er can be sham to be 

t=-- 492 
'Ac 



where t ie the ehc- lifetime in units oi haare and I:ac is the charge 

for a charge exchesge current oi 1 ~b, an electrode lifetiab d 492 hour6 i. 
predicted. 

m n t  in units oi rphe -its oi fbe CUM- suw 0bria;rrr. 'plau, 

where  S I s  the sprtkr ing rete expreesed in a t m  per ion 

pie the density of the ekctrode mtsrlal 

X is the a h s i c  we-t of the elctrode,mt@z%l 
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for ximy hours of s-e testing. InitiaUy a stepping notar and gem system were 
used t o  kup the feed screw a t  constant speed, Eeriodic muitoring of the plxnger 
displacerent rate verified the cnxs+aqr ef ~ - ~ U s i i i %  fee& &ring ion source teetin@. 

Such was the basic ercury feed system developed under Contmct -8-42. 
its perionesnce was satisfactory. 
un i t s t i on  and th i s  imolved the t ime response of the porous llatrix raporizer. To 
shi f t  f'roa one vaporisstion equilibrium condition to  anatber a t  flov rsks e t e r  
tbsn 100 PB required of the order of five minutes, However, a t  flaw rstes correi- 

pading t o  abaut .ko m of besa current, it freqpentw required of the d e r  of 
thirty minutes or more for stabilization, the time incrcsealng even more if the f&u. 
charJge was fran high to IC#. Ubat were thought t o  be adequate equilSbrs.tion t-6 

were allowed t o  elapee prior t o  data recordixg a t  a aew flow rete. 

In general, 
one =lap: B e  entire syster~ &peared t o  h v e  

As lork progressed under w3-2522 the mercury feed system was xwe c b o e l y  Imertl- 

gated with respect to  calibretian and tine s-btlity. The ~.plibmttic= zurristcrd af 
dlsplacine the pllungar of the positive displacepsnrt Urive by a lBaettrablb tmxant 
and we- the axmnt of mercuxy that wcnald be deUvsred t o  the vaporizer. The 
stability test consl~ted of measuring the rsk a t  which mercurcg woll delimred ae 
a fancfion of t h e  for tire duzations up t o  eiglht hours. 
l ~ n g  tern accuracy was a p p r o x ~ t e ~  
2 1 per cent, provia- the laboratory terapemtum held reasonably comtant. 
the labor~tory temperature changed significantly, lsrger derimtiorrs w e r e  w r i -  
enced. 
the feed rate increasing graduaLlg durhg the d q  as the ambient taqperature in- 
creased 8nd rapidly decreasing on occasion because of' sudden draf'ts. 

elhlna6e the room teaiperature dependence the engine feed line w88 enclosed in a 
water Jacket aahbined a t  tap water teqerature; p r e ~ ~  -ts Indi- 

cated that the tap water teqpereture replain@ constant within l /2"C throughout 

It was i d  that the 
1/2 per cent and the short t e r m  accuracy 

wban 

It yss evident that the system was responding t o  room terqperetnre changes, 

In order to 

the ass. 
Additional stabil i ty measure~enta were W e  periodically by de te ra inw the BBXI- 
PLUI output source current as well as ~ i o d i c a U y  monitaring the arc characteris- 
tics. This investigation revealed a pmpeLhnt utilizatioa in excess of Ut3 per 
cent, in some instances, and showed the influence of the vaporizer (ae dist ia-  
quished from the liquid driver portion of the feed sy&am). The besic problsn 

was that the very slaw rnspoase of the capillary vaporizer d e  tm "erpzilbbrirrr'c 
vsporfzation conditione sopewbat difficult t o  verw,  despite the e t a ~ d 8 r d  F- 
t i ce  of wait- before recording dab. 



U' 

I m order to reduce the t h e  required for the vaporizer porkion of the feed SJrsttrr 
to col~e to equilibrium the vaporizer vas coqpletely redeeiepsea. The r e ~ d e ~ s ~  wae 
wed on the results of a first order traneient analysis of the ayaarics 05 the  

' i ~ ~ ~ f i z e r .  xt it is 88snlped that the w r i i ~ z r  caka"rate c& a 
a thlck w a M  tube, the wall being thick enough that a teqperature gradient d m g  

caplUary, then it can be shown tbat for slpall dieturbances aboirt the egFrUbriPr 

position fhe mercury liquid-mpor Intexttam vi= move e3qOIlR1TtlaUy tawrulds t&a 
equiLibrirP position her- a cbsracteristic tlme, 7 ,  aven by 

I 

mp- tbropeh ' 
t lse &z&h of the tub ie Meprideat of the prresepce or absence of me- in fhe I 

I 

I 

w h e r e  pBs P the density Oi rn- 

= the cross section area of the capillary 

= Avogadro's lnrrber 

% 
*O 

LfO 

M = grsrr ataenic wight of me- 

= nrte at which - - red into tha vaprizer 

s = the equilibrium position of t he  Interface 

T(s)  = the temperature et the equilibrium position 

s?hus it is seen that the characteristic t lme  depends directly 011 the cm8s see- 

tioilla1 83168 of the oapillary adi inversely on the product ob the p8rcury feed 
rate and the t w r s t u m  gxmdient. 

~ 



A mCeumtiOIl and rdlet;enainatiOn O f  th8 feed 637Sm'6 Stability WSII -%dl m. 
'phe basic callbzation w a ~ s  faudl to be accurate t o  better then one per cent. Two 
sources af instability were revealed, Wever; the first depended on L D Q ~ ~  tempam- 

ture variations and the second was mechrmiccrl %n rsttare having a periodici~ equal 

t o  tbat a&' the drive screw. 
hsd been reduced to less thfn one per cent by inclosing the prercury feed Une in a 
water jacket as previously described. Despite this precaution, additional fhctua- 
tiom vere still encountered when t;he feed system was exposed t o  sudden cold (or 
sot) -8, since the ctrpiuarg'tubdng fisd not been water-jacketed. 
instabi l iw y ~ 8  related t o  poor alignmrrt of the reduction gear8 and amounted t o  
the s u p e ~ l t i o s l  ai a Uaear and a periodic displacement on the rmotian of the 
drive piston. For the two feed systems which were used alp6 was farud to b6ve a 

deviation oi seven per cant while the ather was stable t o  one per cent. 

The instability induced by roca tempzature variatloam 

periodic 

These per cent deviation8 correspaad to  peak t o  peak gear displacePents of O.ooo7 
in. and o.Ooo1 in. respectively. 

The determination of the various causes of feed system fluctuations facilitated 
the SktAiRImnt of imsprorea accuracy of data, 

the proper 
be redaced to less than one-half of the maxlmm p s i b i l e  emr. 
the &sic characteristics of the mercury feed syeters were well uderstood and con- 

sequently reliable d a t s  o'bfsined. 

For exanlple, by read- 8t 

position of the liquid- drive oy&em, the associated e- e& 
ft was gel% tb.t - 

3.22 
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